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Abstract 
Positioning of the acetabular component is critical to a successful total hip arthroplasty. 
This dissertation retrospectively examines 1,010 hips to study the effect of acetabular 
position on patient reported functional outcomes, which is not currently elucidated in 
literature. As the modified Hardinge approach is one of the most common surgical 
approaches used for total hip arthroplasty, we studied the same cohort to ascertain the 
accuracy of cup placement when using this approach. Moreover, the effect of acetabular 
position on polyethylene wear rates is prospectively examined in 43 hips with highly 
crosslinked polyethylene using radiostereometric analysis.  
Absolute and relative acetabular position was found to be weakly correlated with 
functional outcomes but the results are not clinically significant. Furthermore, cup 
position did not correlate with polyethylene wear in highly crosslinked polyethylene. The 
modified Hardinge approach was found to be 43.6% accurate in achieving the intended 
combined anteversion and inclination angle.  
While specific intraoperative targets for acetabular position may be important for hip 
stability, there may be no change in patient outcomes and polyethylene wear. 
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Chapter 1  
1 Introduction 
1.1 Hip Anatomy 
The normal native hip is a ball-and-socket joint that allows a wide range of motion. The 
acetabulum and the femoral head are the osseous constituents of a native hip. 
Transmission of forces up to five times the body weight occur across this joint during 
activities such as running and climbing stairs [1]. External forces and moments are 
typically balanced by a series of forces and moments generated internally by muscle 
contraction, soft tissue tension and articular reaction forces [1].  
The acetabulum forms from the coalescence of three ossification centers (collectively 
called the ‘triradiate cartilage’): ilium, pubis and ischium. The triradiate cartilage gives 
rise to the anterior wall, posterior wall and the dome of the acetabulum. On the most 
lateral aspect, it forms a circumferential lip of hyaline cartilage centrally and 
fibrocartilage on the periphery [1]. During maturation, this cartilaginous cup gains its 
final shape, concentrically covering 170 degrees of the femoral head [2]. The triradiate 
cartilage subsequently closes between ages 14 to 16 [1].  
The acetabulum has an average diameter of 52 ± 4 mm [1]. Men tend to have larger 
diameters compared to women. Average anteversion of the native acetabulum measures 
16 to 21 degrees with an average inclination of 48 degrees [1]. Men tend to have less 
anteversion than females [1]. The transverse acetabular ligament, located inferiorly, 
connects the anterior and posterior walls of the acetabulum forming a tension band 
against deformation of the wall from force transmission [1]. The acetabulum is supported 
by two strong columns of bone. The anterior and posterior columns connect the 
acetabulum to the pelvis and allow force transmission between the trunk and the lower 
extremity [1]. 
The cartilage is normally deficient medially and inferiorly in the acetabulum. The 
cartilage of the acetabulum, therefore, forms a horseshoe with the acetabular fossa in the 
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center [2]. The acetabular fossa is a central cavity containing the ligamentum teres and a 
fat pad called pulvinar. The ligamentum teres connects the acetabulum to the fovea of the 
femoral head. It has been hypothesized to be a pain generator and instrumental in 
synovial fluid distribution and stability [1]. The labrum, which arises from the limbus, is 
a ring of connective tissue surrounding the outer edge of the acetabulum [1]. The labrum 
consists of three distinct layers, all formed from collagen. Its role is to deepen the 
acetabulum, which aids in dissipation of load by increasing the contact area [2]. 
Inferiorly, the labrum cannot be distinguished from the transverse acetabular ligament  
[1].   
The proximal femur consists of the femoral head, femoral neck, greater trochanter and 
lesser trochanter. The femoral neck has an anteversion of 10.5 ± 9.22 degrees [1]. The 
normal neck-shaft angle of the femur measures 125 degrees [2]. The lesser trochanter is 
retroverted 31.5 degrees [2]. The gluteus medius and gluteus minimus attach to the 
greater trochanter. The lesser trochanter serves as an attachment to the iliopsoas tendon. 
The femoral head is spherical in shape with a central depression known as the fovea. The 
ligamentum teres attaches to the fovea. 
The hip capsule is a fibrous structure surrounding the hip joint [1]. Its role is to provide 
stability to the joint throughout a wide range of motion. The capsule also carries the 
blood supply to the joint [2]. It originates on the lateral aspect of the acetabulum and 
inserts on the intertrochanteric region of the proximal femur. The hip capsule consists of 
longitudinal fibers of iliofemoral, ischiofemoral, and pubofemoral ligaments  [2]. The 
inner layer of the hip capsule, however, is formed by circumferential zona orbicularis 
fibers [2].  
The hip joint is surrounded by 27 muscles crossing the hemipelvis, which are 
instrumental in dynamic stability of the hip and aid in muscular balance [2]. The muscles 
adjacent to the hip include anteriorly situated hip flexors and posteriorly located hip 
extensors.  The abductors, including gluteus medius, gluteus minimus and tensor fascia 
lata, are located on the lateral aspect of the joint and adductors in the medial 
3 
 
  
compartment. External rotators and internal rotators also constitute the muscle layers 
surrounding the hip. 
1.2 Osteoarthritis 
Osteoarthritis (OA) is a progressive degenerative disease affecting the articular cartilage 
of a joint. It begins as a result of overloading of the articular cartilage. The failure of 
chondrocytes to maintain articular cartilage after injury results in net destruction of the 
cartilage. The imbalance in breakdown and repair of joint tissues in OA is due to 
activation of inflammatory mediators, matrix components and mechanical stress. 
Characteristic alterations to the cartilaginous part of the joint include an increase in water 
content and changes in proteoglycan concentration. The inflammatory response from 
various cells also leads to collagen destruction, synovial hypertrophy and bone 
remodeling [3].  
The etiology of OA remains multifactorial and has been described in the context of 
excessive mechanical stress applied to susceptible patients [3]. Risk factors include 
genetic inheritance, obesity, age, ethnicity, nutritional factors and female gender. Patients 
with joint alterations in the form of the mechanical alignment, periarticular muscle 
weakness, and intra-articular structural pathology may accelerate disease progression.  
OA is one of the most commonly diagnosed diseases by family physicians. It is 
anticipated that the prevalence of OA will double by 2020 as a result of an aging 
population and an increase in obesity [4]. In addition to disability, OA represents a 
substantial burden to society from an economic standpoint. In Ontario, an increase in 
healthcare costs by 2-3 times is seen in patients suffering from OA. Quality of life is 
deemed 10-25 percent lower in individuals diagnosed with OA when compared to control 
subjects [5].  
OA has a predilection for the large lower extremity joints such as the hip and knee. Pain 
is the predominant symptom of OA with patients typically complaining of pain that 
worsens with activity. Stiffness is also a common symptom of OA affecting active and 
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passive ranges of motion of the affected joint. Crepitus and gait disturbances are also 
described by patients suffering from OA.  
Unfortunately, a cure for OA still remains elusive and current management focuses on 
addressing pain, stiffness, and functional limitations. Non-operative modalities are the 
first line treatment of OA. These conservative measures work by offloading the affected 
joint. Rest and activity modification are general recommendations for patients suffering 
with OA. Weight loss in obese patients has been shown to be an effective treatment 
option. Braces and splints can support the affected joint, which may relieve symptoms. 
Pharmacologic treatments in the form of non-steroidal anti-inflammatory drugs 
(NSAIDs), Tylenol and opioids are mainstay treatment for OA. Local injections into the 
affected joints including viscosupplementation and corticosteroids have also been 
advocated. These modalities can provide pain relief to patients in early stages of OA. As 
the disease progress, however, patients are often increasingly limited in their activities as 
a result of the debilitating pain and stiffness. Joint arthroplasty is indicated for such 
patients to alleviate symptoms.  
1.3 Total Hip Arthroplasty 
In medical nomenclature, joint reconstruction procedures are termed as “arthroplasty”. 
Arthr(o)- refers to the procedure as it is “related to a joint” while –plasty from Greek 
origin means “to form”. Arthroplasty procedures can be performed on any joint in the 
body and entails an operative reconstruction of the joint. Examples of arthroplasty 
include resection arthroplasty (excision of articulating surfaces), interposition 
arthroplasty (insertion of a substance such as fascia, dermis, cartilage between 
articulating surfaces of a joint) and total joint arthroplasty. A total joint arthroplasty refers 
to non-biologic replacement of articulating surfaces of a joint.  
The most common surgical procedure for hip OA is total hip arthroplasty (THA). Wiles 
is known to have created the first prosthetic total hip replacement in 1938. Early designs 
suffered from poor materials, mechanical failure and design problems. Sir John Charnley, 
a British orthopaedic surgeon, subsequently developed the concept of low-friction 
arthroplasty by suggesting the use of acrylic cement to affix components, polyethylene as 
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a bearing surface, and low friction torque arthroplasty [6].  Since the introduction of low-
friction arthroplasty, advances have been made in metallurgy, tribology, and surgical 
techniques of THA. For example, developments in cementing techniques have evolved 
considerably from simple finger packing of the cement. Modern cementing approach 
involves the use of distal centralizers, pulse lavage of the femoral canal, and sustained 
pressurization of cement to optimize inter-digitation of the cement and bone to create a 
uniform cement mantle for the THA prosthesis [6]. Furthermore, the conventional 
polyethylene designs have been modified with the use of gamma radiation and ultrahigh-
molecular-weight polyethylene to induce crosslinking [6]. The ultrahigh molecular 
weight crosslinked polyethylene has been shown to have improved wear characteristics 
compared to conventional polyethylene [7]. Other modern improvements in metallurgy, 
tribology, surgical techniques and overall success of THA has led this procedure to be 
named the “Operation of the 20th Century” in 2007 [6].  
 
Figure 1-1: Components of a metal-on-polyethylene total hip arthroplasty.  A) Acetabular component B) Polyethylene liner C) Femoral Head D) Femoral stem. 
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A THA consists of a femoral component, acetabular component and a bearing surface. 
Current THA implants offer modularity whereby the femoral head is a separate 
component from the femoral stem, while the acetabular liner can be fitted into a separate 
acetabular shell (Figure 1-1). Different implant designs allow fixation of the acetabular 
shell and femoral stem to be performed with or without the use of cement. The technique 
to affix components without the use of cement relies initially on an interference fit, while 
osseous integration of the implant into host bone provides eventual fixation after the 
initial phase. Although many bearing surfaces exist, the most common bearing surface 
used in Canada is a metal head on highly cross-linked polyethylene liner, i.e. metal-on-
polyethylene articulation [8]. 
The rate of THA being performed in Canada is increasing on a yearly basis [8]. THA has 
been a very successful procedure in addressing pain and functional limitations of patients 
suffering with OA [9]. Patients report significant improvements in their physical health in 
the post-operative period, especially within the first six months. Pain scores have been 
shown to improve the most within a short period of time [9]. Physical function has been 
demonstrated to improve significantly after THA when compared to pre-operative 
functioning [9]. Long-term studies have shown that these improvements are not short-
lived. Modest improvements have also been reported by patients in their mental health 
and social functioning after undergoing a total hip arthroplasty [9].  
1.4 Surgical Technique 
A variety of surgical approaches exist in order to gain access to the femur and 
acetabulum to perform a THA. The anterior approach (Heuter or Smith-Peterson 
approach), posterior approach (Southern-Moore approach) and direct lateral approach 
(Hardinge approach) are commonly used by arthroplasty surgeons. Although each 
approach has its own advantages and disadvantages, the most common approach used at 
London Health Sciences Centre is the modified Hardinge approach.  
Hardinge originally described the lateral approach to be performed with the patient in a 
supine position (Figure 1-2). In order to obtain better visualization, the Hardinge 
approach was modified with the patient in a lateral decubitus position with the patient 
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lying on the unaffected side. The modified Hardinge approach offers good visualization 
of the acetabulum, with low rates of prosthetic dislocation of the head from the acetabular 
component. As this approach violates abductor musculature and has an increased risk for 
superior gluteal nerve injury [10], it is associated with an increased risk for a post-
operative limp.  
The modified Hardinge uses a lateral skin incision centered over the greater trochanter. 
After subcutaneous dissection, the iliotibial band (arising from the tendons of tensor 
fasciae lata and gluteus maximus) is identified. The iliotibial band is split in line with the 
skin incision to reveal the gluteus medius musculature overlying the anterolateral aspect 
of the femur. The gluteus medius is subsequently split to expose the tendinous portion of 
the gluteus minimus overlying the femoral neck. The tendon of the gluteus minimus 
along with the hip capsule is split in line with the femoral neck. The tendon of gluteus 
medius and minimus are then reflected off the femur anteriorly followed by proximal 
fibers of the vastus lateralis. The femoral head is subsequently dislocated. A femoral neck 
osteotomy is performed, which improves the exposure of the acetabulum.  
After carefully placing the retractors around the acetabulum, peri-articular structures such 
as the labrum and osteophytes are removed. Sequential reaming is performed to allow an 
interference fit between the acetabular bone and the acetabular component. After 
determining the correct acetabular position, the acetabular component is impacted into 
the reamed bony bed if a cementless technique is utilized. In the case of a metal-on-
polyethylene THA, the polyethylene liner is subsequently locked into the acetabular 
component.  
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Figure 1-2: Lateral (Hardinge) approach to the hip.  A) Skin incision is centered on the greater trochanter. B) Iliotibial band is divided C) Gluteal medius is split with some tendinous attachment left behind on the greater trochanter to aid in closure D) Femoral neck is exposed after dissection through gluteus minimus and capsule with elevation of muscular flap off the anterior aspect of the proximal femur. E) Surgical hip dislocation is carried out. F) Final implantation of THA components. (Reproduced with permission and copyright © of the British Editorial Society of Bone and Joint Surgery from Hardinge, K. J Bone Joint Surg Br 1982; 64-B(1): 17-19) 
 
9 
 
  
The femoral canal is identified within the femur and sequentially prepared using 
broaches. The final broach is determined based on axial and rotational stability of the 
broach within the femoral canal. In a cementless technique, the femoral stem is 
subsequently impacted into the femoral canal. Alternatively, a femoral stem may be 
cemented into the femoral canal using polymethylmethacrylate based on surgeon’s 
preference. The femoral head is then impacted onto the femoral stem. 
A series of trialing processes occur between the steps described above to determine the 
adequate soft tissue tensioning, leg length, femoral offset and stability. A careful closure 
of all tissue layers is carried out at the end of implantation of the components.  
1.5 Radiographic Imaging of the Hip 
Radiography is the primary diagnostic imaging tool to assess for diseases affecting the 
hip. It is also an effective tool in surveillance and subsequent treatment of diseases. 
Radiographs are a cost-effective tool exposing the patient only to a small amount of 
radiation. Radiographs can be performed with ease by technicians and with minimal 
discomfort to the patient. The most common radiographic views obtained consist of an 
anteroposterior (AP) view of the pelvis and a cross-table lateral view of the affected hip 
(Figure 1-3). An AP view of the pelvis (as opposed to solely the hip under examination) 
is usually performed as it allows for evaluation of the contralateral hip and provides 
anatomic details necessary for an operative intervention.  
10 
 
  
 
Figure 1-3: Radiographic views for evaluation of a total hip arthroplasty A) Anteroposterior view B) Cross-table Lateral view 
Radiographic signs of OA include joint space narrowing reflecting loss of cartilage, 
formation of osteophytes (reactive bone), sclerosis and cyst formation in the subchondral 
bone (bone underlying the cartilage).  Joint space narrowing is the most sensitive sign of 
OA and can be used as a proxy for progression of the disease.  Kellgren and Lawrence 
developed a classification system divided into five types to describe the severity of OA in 
a joint based on radiographs [11]. Type 0 shows no signs of OA, while type 1 has small 
osteophytic lipping with no joint space narrowing. Type 2 has been described to have 
definite osteophytes with possible narrowing of joint surface. Type 3 shows definite joint 
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space narrowing with moderate multiple osteophytes. Type 4 have marked joint space 
narrowing with subchondral sclerosis along with deformity of bone contour and large 
osteophytes.  
Radiographs remain the primary skeletal imaging modality after THA for post-operative 
evaluation of the component position, alignment, polyethylene wear, and bony changes 
around the hip. Acetabular component positioning is most commonly described with two 
angles: inclination angle (also called abduction angle) and anteversion angle. Inclination 
angle is defined as the angle between transverse axis and the opening face of the cup in 
the coronal plane [12]. Inclination angle can be measured reliably with radiographs 
(Figure 1-4). Anteversion is the angle between the longitudinal axis and the opening face 
of the cup in the sagittal plane. The most accurate way to measure anteversion is by using 
advanced cross-sectional imaging in the form of computed tomography, rather than plain 
radiographs [13]. However, computed tomography is not practical to ascertain component 
position due to the associated cost and radiation exposure to the patient. Radiographs, 
therefore, are more appropriate from a fiscal and health safety standpoint to determine the 
anteversion angle. Unfortunately, a single radiographic method to measure anteversion of 
the acetabular component has not been agreed upon in literature. Anteversion has been 
measured in literature by the use of protractors [14]. Other studies measured major and 
minor diameters of the acetabular component as seen on AP radiographs to calculate 
version using mathematical formulas [13, 15]. Edge detection software also uses this 
concept with digitized AP radiographs. Edge detection software have been described as a 
valid method to measure anteversion but remain time-consuming [16]. Furthermore, 
clinicians do not have ready access to edge detection software, limiting its usefulness. 
Woo and Morey’s method (Figure 1-5) and ischiolateral method (Figure 1-6) utilize 
cross-table lateral radiographs to measure anteversion [17-19]. Woo and Morey’s method 
measures the angle between a line perpendicular to the horizontal plane of the radiograph 
and the opening face of the acetabular component. Ischiolateral method, on the other 
hand, uses a reference line perpendicular to the long axis of the ischium. The angle 
between this reference line and the opening face of the acetabulum on cross-table lateral 
view determines the radiographic anteversion of the acetabular component. This 
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dissertation utilizes the ischiolateral method, which is practical and has previously been 
shown to be comparable to edge detection software [18].  
 
Figure 1-4: Measurement of inclination angle.  
 
Figure 1-5: Measurement of anteversion angle using the Woo and Morrey Method 
α
 ɵ 
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Figure 1-6: Measurement of anteversion angle using the Ischiolateral method. 
Although, improvements in material designs have allowed reduction in wear rates, 
polyethylene liner wear is still a cause for revision THA surgery. Polyethylene debris has 
been known to induce osteolysis (resorption of bone matrix by increased macrophage 
activity) with associated aseptic loosening of the implants and increased revision rates 
[20-22]. Acetabular orientation is thought to be one of the factors that affects 
polyethylene wear [23], and is directly controlled by the surgeon. A clear correlation 
between acetabular position and polyethylene wear is not yet elucidated, however. Some 
studies have linked increased abduction angle greater than 45 degrees with increased 
polyethylene wear [24-27], while other studies have failed to show the same results [28-
30]. Optimal cup position has been demonstrated to be most sensitive to anteversion 
angle of acetabulum [31], however, an association between anteversion and wear has not 
been described thus far.  
Wear measurements are typically performed on radiographs using one of many different 
techniques, but essentially evaluate penetration of the femoral head into the polyethylene 
liner (thus into the acetabular cup) over time. Traditionally, plain radiographs at regular 
intervals post-operatively were used to measure polyethylene wear manually using the 
Livermore method [32]. The Dorr and Wan technique [33] and digital programs were 
subsequently introduced to measure wear on digitized radiographs. Common software 
programs include Martell’s “Hip Analysis Suite” [34] and Devane’s “PolyWare” [35, 
ɵ 
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36]. These measurements were reliable for conventional polyethylene liner, which 
experienced a large volume of wear, making measurements of head penetration simpler. 
Modern designs of polyethylene liners have improved wear properties decreasing the 
amount of wear [37]. Traditional measurement techniques are less sensitive and 
therefore, are less reliable in accurately measuring smaller magnitudes of polyethylene 
wear. The gold standard technique to measure polyethylene liner wear is 
radiostereometric analysis (RSA) [38, 39]. RSA utilizes two simultaneous radiograph 
acquisitions of the patient’s hip taken at oblique angles. A calibration cage is also 
positioned within the acquisition area, consisting of two grids of marker beads placed at 
known locations with accuracy on the scale of micrometres. By identifying these markers 
on the resulting radiographic images using RSA software, the three-dimensional 
geometry of the bones, implants, and markers can be determined based on the known 
locations of the markers in three-dimensional space. Wear can then be calculated as the 
movement of the femoral head into the acetabular cup, similar to the other radiographic 
methods, but with a higher degree of accuracy. Dahl et al. recently introduced a novel 
method for calculating wear from a single pair of RSA exams (i.e. non-prospectively) by 
estimating the original post-operative location of the femoral head with respect to the cup  
[40]. Dahl’s method is implemented in Chapter 4 of this dissertation, using a novel RSA 
setup that mimics a conventional clinical radiographic setup of AP and cross-table lateral 
view angles, enabling measurements of cup inclination and anteversion in addition to 
wear calculations from the RSA images. 
 
Figure 1-7: Lateral view of a THA with implantation of tantalum marker beads. 
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1.6 Importance of Acetabular Component Positioning 
The positioning of the acetabular component is a crucial step of the surgical technique. 
The acetabular component must be aligned correctly in all planes - sagittal, coronal and 
axial. The position of the acetabular component in the medial-lateral direction influences 
offset leading to changes in the moment-lever arm of the abductor musculature. The 
anteversion of the acetabular cup in the sagittal plane and the inclination angle (also 
known as abduction angle) in the coronal plane are both important determinants of 
acetabular position.  
During the implantation process, surgeons use different techniques to judge the 
positioning of the acetabular component. Pre-operative planning is performed using 
implant-specific computer programs to aid surgeons in determining the amount of 
overhang of the acetabular component past the pelvic bone. This can be used as an 
indirect measurement to evaluate anteversion and inclination angles. Mechanical 
alignment guides are often used to determine inclination and anteversion angles (Figure 
1-8). Different pelvic bony landmarks may also be utilized to accurately position the 
acetabular component. Sotereanos et al. suggested the use of three osseous pelvic 
landmarks: the lowest point of the acetabular sulcus of the ischium, the prominence of the 
superior pelvic ramus, and the most superior point of the acetabular rim [41]. McCollum 
and Gray recommended the use of the sciatic notch [42] while Maruyama et al. advocated 
using the acetabular notch angle [43]. Ha et al. later suggested using transverse acetabular 
notch in combination with anterior acetabular notch for orientation of the cup [44]. These 
methods allow surgeons to account for individual variations in the hip and pelvic 
anatomy. Soft tissue landmarks may also be used as a reference. Archbold et al. described 
the use of transverse acetabular ligament and labrum as a reference to judge height, depth 
and anteversion of the cup [45, 46].   
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Figure 1-8: Mechanical alignment guide. The guide attaches to the inserter handle of the acetabular component. The operative cup anteversion is referenced against the longitudinal axis of the body. 
A number of complications have been attributed to malpositioning of the acetabular 
component. Improper acetabular orientation has been linked to increased dislocation rates 
[15, 42, 47-49], polyethylene wear [23], edge loading [50], liner fracture [51], and 
component impingement affecting range of motion [51-55]. Although other patient and 
technical factors may influence these complications, acetabular orientation remains under 
the direct control of the surgeon and must be optimized. Obtaining accuracy with 
positioning of the acetabular component, however, has proven to be very challenging. 
Many factors affect surgeon’s ability to accurately position the acetabular component. 
These may include increased BMI, surgical approach, surgeon volume, surgeon 
experience and inherent inaccuracies in mechanical guides [23]. Furthermore, pelvic 
orientation can be influenced by the position on the body, thereby affecting the cup 
position. The lateral decubitus positioning causes increased flexion and adduction of the 
pelvis [42]. Furthermore, lateral positioning tends to flatten the lordotic curvature of the 
lumbar spine [42]. These changes in positioning can affect the accuracy of the cup 
orientation if they are not taken into consideration during the operative procedure.  
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Dislocation is one of the most common and devastating complications after THA [23]. 
Acetabular positioning directly influences dislocation rates. It is, therefore, no surprise 
that majority of the literature attempting to discern an ideal orientation for the acetabular 
component is based on reducing dislocation rates. Although the recent use of larger 
femoral heads dramatically reduced dislocation rates [56], they are not considered a 
substitute for a proper cup positioning. Lewinnek et al. showed that cups with an 
anteversion of 15 ± 10 degrees and inclination angle of 40 ± 10 degrees had 1.5% 
dislocation rates, while acetabular components outside this “safe zone” had a dislocation 
rate of 6.1% [15]. This historic paper, however, has been challenged in literature due to 
its methodology. Other authors have since attempted to re-define the optimal acetabular 
position based on biomechanical and clinical studies (Table 1). The ideal acetabular 
position, however, still remains a topic of debate.  
Table 1-1: Review of previous studies attempting to define ideal inclination and anteversion angles. Study Ideal inclination* Ideal anteversion* Other orientations Lewinnek et al. [15] 40° ± 10° 15° ± 10°  Dorr et al. [57] 35° ± 15° 15° ± 15°  McCollum and Gray [42] 40° ± 10° 30° ± 10°  Biedermann et al. [58] 45° ± 10° 15° ± 10°  Barrack et al. [59]  45° ± 10° 20° ± 10°  Widmer and Zurfluh [53] 40°–45° 20°–28° ß + 0.7δ = 37° Yoshimine [60]   α + ß + 0.77δ = 84.3° Jolles el al. [49]   40° < ß + δ < 60° Elkins et al. [31] 45-55° 10-20°  * Values are mean ± range; α = cup inclination; ß = cup anteversion; δ = femoral stem anteversion. 
Acetabular malpositioning has also been shown to cause catastrophic polyethylene 
failure. Tower et al. have previously shown that having an inclination angle of greater 
than 65 degrees combined with a thin polyethylene rim (in the case of highly crosslinked 
polyethylene, which has decreased mechanical properties) increases the risk of 
polyethylene liner failures [61].  The position of the acetabular component also 
influences range of motion of the hip joint. Based on computer modelling, it has been 
shown that acetabular inclination of less than 45 degrees decreases flexion and abduction 
of the hip, while increased inclination angles decrease adduction and rotation [54]. 
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Increasing anteversion angle has been shown to increase flexion with decreased extension 
of the hip [54].  Impingement pain has also been shown to be linked to malpositioning of 
the acetabular component. Iliopsoas tendonitis has been shown to be associated with a 
retroverted cup, whereby the exposed anterior rim of the cup can cause inflammation of 
the tendon [62]. Moreover, acetabular malpositioning has been shown to cause increased 
wear in metal-on-metal bearings [63].  
1.7 Research Objectives 
The objective of this dissertation is to further our current understanding in acetabular 
positioning. To date, there has been a lack of studies elucidating the accuracy of the 
modified Hardinge approach in orienting the acetabular component. Barrack et al. [64] 
and Callanan et al. [65] have previously investigated risk factors for cup malpositioning. 
These studies described the accuracy of posterior and anterolateral approaches. However, 
only a small group of patients who had a THA performed through the modified Hardinge 
approach was included in these studies. Chapter 2 of this dissertation highlights the 
accuracy of the modified Hardinge approach in an attempt to gain more comprehensive 
understanding of the surgical approaches at the disposal of orthopaedic surgeons.   
A large number of studies have attempted to define a “safe zone” for acetabular 
component orientation based on dislocation rates (shown in Table 1). There has been a 
deficit in literature demonstrating the effect of acetabular positioning on patient reported 
functional outcome scores. A “safe zone” based on functional outcomes has not been 
clearly discerned in literature. Grammatopoulos et al. recently recommended an 
inclination of 45 degrees and anteversion of 25 degrees based solely on the Oxford Hip 
Score [66]. Chapter 3 correlates the functional outcome data with acetabular position 
using other outcome measures including Short Form-12, Harris Hip Score and Western 
Ontario and McMaster Universities Osteoarthritis Index. 
Polyethylene wear has been shown to be higher in patients with increased acetabular 
inclination angle [24-27, 67, 68]. Reports using more accurate measurement techniques 
for wear have disputed this correlation [29, 69, 70]. Furthermore, most of these studies 
have been performed only on conventional polyethylene. As conventional polyethylene 
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has been substituted with highly cross-linked polyethylene, these associations need to be 
re-examined with newer materials, which have significantly improved wear 
characteristics [37]. Moreover, a clear relationship between anteversion and acetabular 
component orientation has not been established. Chapter 4, therefore, explores 
association between acetabular position and polyethylene wear. 
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Chapter 2 
2 Accuracy of the Modified Hardinge Approach in Acetabular Positioning  
 
2.1 Introduction 
Acetabular component positioning is paramount for successful total hip arthroplasty.  
Poor cup positioning affects impingement [1-5], dislocation rates [6-10], edge loading 
[11], and may lead to liner fractures [3]. Studies have shown that excess abduction angle 
is correlated with increased bearing surface wear rates in metal-on- polyethylene and 
metal-on-metal articulations [12-15]. In metal-on-metal hip resurfacing, Hart et al. 
showed increased blood metal ion levels in patients with insufficient cup version [16]. 
However, acceptable cup position has been defined only in reference to dislocation rates 
and its definition has been largely inconsistent in the literature. Lewinnek et al. defined a 
“safe zone” of 15 ± 10 degrees of anteversion and inclination angle of 40 ± 10 degrees 
based on nine dislocations [6]. Meanwhile, McCollum and Gray suggested the cup to be 
placed between 20 and 40 degrees of anteversion based on five dislocations [8]. Although 
the Lewinnek’s “safe zone” is considered obsolete by many surgeons [17, 18], it is often 
used in the literature to allow consistent comparison of outcomes.  
Surgical approach may influence dislocation rates, post-operative function, heterotopic 
ossification, and the possibility of neurovascular damage [19-24]. The selection of 
surgical approach is largely a matter of preference based on prior training of the surgeon. 
Callanan et al. identified surgical approach to be an independent risk factor in cup 
malpositioning [25]. They identified a 68% incidence of cup malpositioning with the use 
of the direct lateral approach compared to 42.7% when using the posterolateral approach. 
Barrack et al. only had 21% of the cups positioned outside their defined range using the 
anterolateral approach [26]. Both studies, however, used different acceptable ranges for 
the cup position with an emphasis on the posterolateral approach as the most popular 
surgical approach at their centers. Furthermore, the lateral approaches were being 
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performed by low volume surgeons in both studies, making it difficult to determine the 
generalizability of the results.  
The modified Hardinge is the most common surgical approach utilized at our institution 
for total hip replacements. This approach offers good visualization of the acetabulum, 
facilitating optimal cup positioning as well as excellent stability of the total hip joint. The 
purpose of this study is to evaluate the accuracy of intraoperative acetabular component 
positioning with use of the modified Hardinge approach performed by high-volume 
surgeons at a tertiary center. 
2.2 Methods 
Ethics approval was obtained from our institutional review board. Our institutional 
arthroplasty database was used to obtain patient information between 2003 and 2011 
including their age, gender, date of their total hip arthroplasty, laterality of the hip, 
implant information and surgical approach utilized for the procedure. All total hip 
replacements were executed by eight fellowship trained high-volume surgeons, each 
performing more than 250 total joint replacements per year. Western Ontario and 
McMaster Universities Osteoarthritis index (WOMAC), Harris hip scores (HHS) and 
Short Form-12 (SF-12) scores collected prospectively were extracted from the database. 
Functional scores collected between 24 and 36 months following the procedure were used 
for analysis in this study.  
A total of 1,010 hips were included in the current study. The study cohort consisted of 
patients with a diagnosis of osteoarthritis who underwent a cementless total hip 
arthroplasty with the use of the modified Hardinge approach. Patients were required to 
have digital post-operative radiographs collected prospectively, between 24 and 36 
months from their index procedure and complete post-operative clinical outcome scores. 
We excluded patients with diagnosis of metastatic cancer, avascular necrosis, 
inflammatory arthritis, post-traumatic arthritis, acute fracture, development hip dysplasia, 
metal-on-metal articulations, cemented acetabular components, bipolar hemiarthroplasty, 
modular neck-stem implants and revision surgeries.  
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Acetabular components used in our cohort were all press fit, hemispherical shells, and 
included ReflectionTM (Smith and Nephew, Memphis, TN), Duraloc® (Depuy, Warsaw, 
IN), R3TM (Smith and Nephew, Memphis, TN), Pinnacle® (Depuy, Warsaw, IN) and 
Trident® (Stryker®, Kalamazoo, MI).  
The modified Hardinge approach has previously been detailed by Frndak et al [27]. 
Patients were in lateral decubitus position. A lateral skin incision centered over the 
greater trochanter was used. The access to the hip joint was gained through an abductor 
muscle split approach. The fibers of the gluteus medius were split longitudinally at the 
junction of anterior third to posterior two-thirds of the muscle belly. Gluteus minimus and 
capsule were then divided vertically along the same incision parallel to the gluteus 
medius split. Surgeons were attentive to keep the vertical split within 5 cm proximal to 
greater trochanter to avoid injury to the superior gluteal nerve. During pre-operative 
templating and the implantation of the cup, surgeons aimed the operative inclination and 
anteversion angles of the acetabular component to be within the Lewinnek’s zone. A 
combination of anatomic landmarks and mechanical guides were used intraoperatively.  
Anteroposterior (AP) and lateral radiographs were examined for the purposes of this 
study. Using General Electric CentricityTM Picture Archiving and Communications 
System (PACS), we measured the radiographic inclination angle and anteversion. 
Radiographs were analyzed by two observers (PG and AL). A subset of the population 
was measured by both to calculate the concordance correlation coefficient to confirm 
adequate inter-observer reliability, which was consistently greater than 0.93. Differences 
in measurements, when present, were reconciled through mutual agreement. Anteversion 
was measured using the ischiolateral method described by Tiberi et al. [28]. Inclination 
angle was measured between the face of the acetabular component and the horizontal axis 
drawn by connecting the ischial tuberosities [6, 29, 30]. 
Statistical analysis was performed using SPSS® statistics version 20 (IBM®, NY). 
Frequency analysis, and chi-squared tests were performed to obtain accuracy of the 
modified Hardinge approach at our institution. A univariate analysis was performed with 
five factors including age, sex, body mass index (BMI), head size and outer acetabular 
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component diameter. Multivariate analysis was performed using logistic regression with 
the same five variables. A p-value of less than 0.05 was considered significant.  
2.3 Results 
Mean anteversion was 21.8 ± 11.8 degrees and the mean inclination was 44.32 ± 7.0 
degrees. At the time of procedure, the mean age of the study population was 71.5 ± 9.6 
years. There were 595 females (59%) and 415 males (41%). The majority of the 
procedures (543, or 53.7%) were performed on the right hip. The average BMI was 29.6 
± 6.1 kg/m2. Functional outcome scores are reported in Table 2-1.  
Table 2-1: Post-operative outcome scores of patients who underwent the modified Hardinge approach for their total hip arthroplasty. Outcome Score Mean Std. Deviation WOMAC Pain (n=952) Stiffness (n=954) Physical Function (n=944) Total (n=944) 
 83.05 76.77 79.01 80.21 
 20.36 21.57 20.07 18.71 Harris Hip Score Pain (n=872) Function (n=819) Total (n=793) 
 41.64 39.80 90.20 
 5.37 7.65 10.69 Short Form-12 Physical Score (n=973) Mental Score (n=973) 
 40.67 54.05 
 11.16 9.29 
The accuracy of achieving the targeted cup position is reported in Table 2-2. Accuracy 
was best for inclination, with 79.2% of the hips meeting the target inclination angle. For 
anteversion, 54.1% of the hips had their cup in the intended range. Examining combined 
inclination and anteversion angles, 43.6% of the hips had the acetabular component 
within the target range. The position of acetabular components in all patients are 
graphically represented in Figure 2-1. We found that 47.5% of the hips were within one 
standard deviation of the mean of combined anteversion and inclination angle while 
90.5% were within two standard deviations (Table 2-3). 
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Table 2-2: Comparison of cup positioning accuracy between different approaches as demonstrated in previous studies.  Number of hips Optimal Range of Inclination Angle 
Optimal Range of Anteversion 
Components within both ranges Callanan et al. [25] Direct Lateral Posterolateral Anterolateral 
1952 50 1170 560 
30o - 45o  5
o - 25o   32.0% 57.3% 37.0% Barrack et al. [26] Posterolateral  Anterolateral 
1549 898 154 
30o - 55o 5o - 35o  88.0% 79.0% Current study Modified Hardinge 1010 30
o - 50o  5
o - 25o   43.6% 
 
 
 Figure 2-1: A scatter-diagram summary of the orientation of the acetabular components in the study population.  Data highlighted within the black box indicates the cups within the Lewinnek’s “safe zone”. 
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Table 2-3: Distribution of the hips within described range of anteversion and inclination angle. 
The results of the univariate analysis for age, sex, BMI, head size and outer acetabular 
component diameter are shown in Table 2-4. BMI and gender of the patient had a 
significant effect on combined position of the acetabular component. Males were more 
likely to have a correctly oriented acetabular component when compared to females 
(p<0.001).  Furthermore, patients with lower BMI were more likely to have an acetabular 
component with inaccurate anteversion and inclination angle (p=0.02). When acetabular 
inclination angle was examined separately, gender (p<0.001) and femoral head size 
(p<0.001) had an effect on acetabular inclination. Females and those with 28mm head 
sizes or smaller were more likely to have inclination angle outside the target zone. Akin 
to the combined absolute cup position, anteversion was similarly affected by gender 
(p=0.009) and body mass index (p=0.002). Figure 2-2 graphically illustrates a reduction 
in inclination angle over time (Spearman rho = -0.19, p<0.001).   
  
 Inclination Angle Anteversion Components within both ranges, n Range  Number of hips within range 
Range  Number of hips within range Total Range 20o – 70o 1010 (100%) -19o - 59o 1010 (100%) 100% Mean ± 1SD 37.4o – 51.3o 705 (69.8%) 10.1o -33.6o 685 (67.8%) 480 (47.5%) Mean ± 2SD 30.4o -58.2o 965 (95.5%) -1.7o - 45.4o 958 (94.9%) 915 (90.6%) 
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Table 2-4: Univariate analysis of various factors for combined acetabular cup position within the Lewinnek’s “safe zone”.  Factor Number of hips  p-value  Total Within Lewinnek’s Zone Outside Lewinnek’s Zone  1010 440 (43.6%) 570 (56.4%)  Age (n=1010) ≤ 50 years 50-70 years ≥70 years 
 36 359 615 
 19 (52.8%) 148 (41.2%) 273 (44.4%) 
 17 (47.2%) 211 (58.8%) 342 (55.6%) 
  0.331 
Sex (n=1010) Male Female 
 415 595 
 210 (50.6%) 230 (38.7%) 
 205 (49.4%) 365 (61.3%) 
 <0.001 
BMI (n=965) ≤24.99 25-29.99 30-34.99 35-39.99 ≥40 
 214 343 247 101 60 
 71 (33.2%) 165 (48.1%) 111 (44.9%) 50 (49.5%) 20 (33.3%) 
 143 (66.8%) 178 (51.9%) 136 (55.1%) 51 (50.5%) 40 (66.7%) 
   0.02  
Head Size (n=1009) ≤28mm 32mm ≥36mm 
 291 509 209 
 118 (40.5%) 222 (43.6%) 99 (47.4%) 
 173 (59.5%) 287 (56.4%) 110 (52.6%) 
  0.316 
Outer Cup Diameter (n=1002) <52mm 52-56mm >56mm 
  44 639 319 
  16 (36.4%) 266 (41.6%) 156 (48.9%) 
  28 (63.6%) 373 (58.4%) 163 (51.1%) 
  0.061 
Multivariate analysis demonstrated that patients with BMI between 25 and 40 were more 
likely to be have correct combined acetabular component position compared to those with 
lower BMI (Table 2-5). Gender, age, head size and outer acetabular diameter were not 
independent risk factors to cup malpositioning.  
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Table 2-5: Multivariate analysis of factors for predicting accurate component position within the Lewinnek’s zone (n=958). Factor Reference Category Odds Ratio (95% Confidence Interval) p-value Body Mass Index (kg/m2) 25-29.99 30 - 34.99 35 - 39.99 ≥40 
  ≤24.99 
 1.78 (1.24 - 2.56) 1.53 (1.04 - 2.26) 2.07 (1.26 - 3.40) - 
 0.002 0.033 0.004 0.868 
Sex Male  Female  1.40 (1.00 – 1.95)  0.05 Age (years) 50-70 ≥70 
 ≤50  - - 
 0.362 0.549 Head Size  ≤28mm ≥36mm 
 32mm  - - 
 0.444 0.957 Outer cup diameter  <52mm >56mm 
 52-56mm  - - 
 0.894 0.653 
2.4 Discussion 
Using the Lewinnek’s “safe zone”, we found 43.6% of the cups were within the 
combined inclination and anteversion target using the modified Hardinge approach. 
There is no consensus in the literature to suggest the “ideal” position of the acetabular 
component. Barrack et al. used a wider range of 30-55 degrees and 5-35 degrees as their 
reference range for inclination angle and anteversion, respectively [26]. A direct 
comparison with the study performed by Barrack et al. was not possible, as they did not 
perform any of their surgeries using the Hardinge approach [26].  Callanan et al. obtained 
an accuracy of 32% using the direct lateral approach with a slightly narrower reference 
range consisting of 30-45 degrees of inclination and 5-25 degrees of anteversion [25]. 
Only low volume surgeons used the direct lateral approach in their study [25], potentially 
explaining the greater accuracy seen in our study, in which the surgeries were being 
performed only by high volume surgeons. Furthermore, the direct lateral group made up 
only 2.6% of the entire study cohort (50/1952), and therefore there is more potential for 
error in their reported results. 
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Among different studies, cup positioning accuracy varies between 32 and 88 percent 
depending on the approach and the target range [25, 26]. As shown in Table 2, Barrack et 
al. had combined accuracy of 88% and 79% mainly due to a wider reference range using 
the anterolateral and posterolateral approach, respectively [26].  Callanan et al. used a 
reference range comparable to the range targeted at our center [25]. They reported 
moderate accuracy in attaining cup position in all groups regardless of the approach used, 
which is comparable to the accuracy we obtained using the modified Hardinge approach. 
Our study highlights females to be at risk to have inaccurate anteversion and inclination 
of their acetabular component. However, it was also found that females were more likely 
to have lower BMI compared to males (p<0.001). The multivariate analysis also 
highlights this confounding phenomenon as the significance no longer meets the 
threshold value to establish gender as a risk factor for cup malpositioning. This suggests 
that differences in malpositioning seen with gender are confounded by BMI, a factor 
previously identified to affect placement of the cup and confirmed by our study [25, 26]. 
These studies demonstrated that patients with a higher BMI are more likely to have an 
incorrect position of the cup with their chosen reference range of anteversion and 
inclination. Our study, however, shows patients who have lower BMI were at risk for 
acetabular component malpositioning. Potential reasons for cup malposition in these 
patients include the use of smaller incisions, potential for patients with lower BMI to 
have different pelvic obliquity on the operative table and relatively lower number of 
patients with low BMI. Analogous to MIS approaches that use smaller incisions, we 
know that limited exposure is a risk factor for cup malpositioning [25].  
The size of the acetabular cup was not a significant factor in cup malpositioning, which is 
consistent with current literature [25]. However, femoral head size was found to be an 
independent factor affecting inaccuracies in inclination angle. Smaller head sizes were 
associated with increased inclination angle. However, with further analysis, a temporal 
factor was demonstrated. Over time, the arthroplasty community has demonstrated an 
increased tendency to use larger diameter head sizes [31]. This widespread tendency was 
also evident in our data. Literature has demonstrated that increased inclination angle is 
associated with more polyethylene wear [12, 13, 15]. Concurrent with the trend to 
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increased head size is an increased understanding and acceptance of the effect of 
inclination and wear, resulting in tendency toward a decreased inclination angle (Figure 
2-2). Therefore, the association of smaller head sizes with increased cup inclination has 
time as a confounding factor.  
Previous reports investigating acetabular positioning have relied on a variety of 
techniques to measure anteversion angles including edge detection software, computed 
tomography (CT) and with the sole use of anteroposterior radiographs centered on the hip 
[25, 26, 32-35]. We utilized the method outlined by Tiberi et al., which is comparatively 
reliable to edge detection software [28]. Overall, we found the mean inclination angle in 
our study to be comparable to studies in literature [25, 26, 32-35]. The mean anteversion 
angle of 21.82 degrees, however, found in our study is the highest amongst these studies. 
Limitation of our study include the lack of a comparison group. A small proportion of 
total hip replacements were performed using other surgical approaches at our institution. 
However, these groups were too small to obtain any meaningful comparisons and could 
not be used (n = 53 hips performed using posterior approach, n = 7 were operated using 
anterior approach). The method used for anteversion measurements on routine 
radiographs is not standardized in literature. It is currently difficult to ascertain the 
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Figure 2-2: A temporal view of inclination angles of all hips from 2003 to 2011.  R2 = 0.041. y = -0.0015x + 101.75 
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accuracy of radiographic measurements compared to CT scans as current reports in 
literature use variable reference planes to determine anteversion and inclination angles 
[36]. In order to be consistent, we used radiographic measurements using the 
radiographic coronal plane, currently used and understood by surgeons and therefore, 
practical.  
Overall, our study is the largest to date that attempts to study the accuracy of cup 
positioning using the modified Hardinge approach performed by high volume surgeons. 
The sample size in the current is comparable to the reports in literature that have 
evaluated the posterolateral approach to establish the accuracy of cup positioning. 
Consistent with other studies examining other surgical approaches, we show that the 
modified Hardinge approach is moderately accurate in attaining accurate combined 
anteversion and inclination angle within a target range. 
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Chapter 3 
3 Effect of Acetabular Component Positioning on Functional Levels in Primary Total Hip Arthroplasty 
  
3.1 Introduction 
Total hip arthroplasty (THA) has been previously been called the “operation of the 
century” given its success in addressing pain, mobility and physical function for patients 
suffering with osteoarthritis [1]. THA offers excellent 10-year survival of greater than 
95%, and 25-year implant survival exceeding 80% [2, 3]. Technical success, however, 
does not necessarily translate equally to patient satisfaction especially since patients’ 
demands after the procedure are increasing [4]. Overall, health related quality of life 
outcomes after total hip arthroplasty have been largely good to excellent at short, mid- 
and long term follow-up [5-10]. Unfortunately, approximately 7-23% patients still suffer 
from persistent pain post-operatively according to a recent systemic review [11]. Poor 
acetabular positioning is one of the many issues implicated with persistent pain due to 
impingement [12-16], dislocation [17-21], edge loading [22] and liner fracture [14], 
which may be lead to patient dissatisfaction after a total hip arthroplasty.  
One of the causes of persistent anterior groin pain is psoas impingement, which has been 
identified as a reason for requiring revision surgery [23, 24]. Trousdale et al. originally 
described two patients who had fraying of the iliopsoas tendon as a result of persistent 
irritation from a prominent acetabular component [23]. A metal-backed acetabular 
component uncovered by bone of the pelvis as a result of a retroversion or lateralization 
has been identified as risk factors for iliopsoas impingement [23, 25, 26]. Based on these 
studies, the relative position of the cup may be surmised to be of importance to patient 
satisfaction. However, a direct correlation between anterior overhang of the metal cup 
and patient satisfaction outcome has never been examined. 
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A number of causes leading to lateral hip pain have been described in literature. It has 
been proposed that lateral trochanteric pain may be associated with increased femoral 
offset and leg length discrepancy [27]. The effect of lateral overhang has never been 
implicated specifically as a cause of any post-operative complications. 
Lewinnek et al. originally suggested acetabular components to be positioned in 15 ± 10 
degrees of anteversion and 40 ± 10 degrees of inclination based on 9 dislocations [17]. 
This “safe zone” gained popularity in the literature and has since been scrutinized by 
many surgeons [28, 29]. There have not been any studies to our knowledge that show any 
effect of cup positioning within the Lewinnek’s “safe zone” on functional outcomes of 
patients. The ideal position of an acetabular component has only been examined as it 
affects tribology and stability of the hip articulation. The effect of acetabular component 
positioning on patient satisfaction has not been investigated. 
The purpose of this study is to determine the effect of acetabular positioning in primary 
total hip replacements on patient satisfaction and functional outcomes at a tertiary center.  
3.2 Methods 
Ethics approval from our institutional research ethics board was obtained. Fellowship 
trained arthroplasty surgeons, with high volume practices carried out 2,829 total hip 
replacements between 2003 and 2011. These patients were identified with the use of our 
institutional arthroplasty database. Further patient demographics, including their age, sex, 
date of procedure, side operated on, and implant details were extracted from the database. 
Post-operative Western Ontario and McMaster Universities Osteoarthritis index 
(WOMAC), Harris hip scores (HHS) and Short Form-12 (SF-12) scores collected 
prospectively between two and three years from index procedure were also accumulated. 
WOMAC subscales were modified so a higher score (from 0-100) represented a better 
outcome.  
A total of 1,148 hips (40.6%) were excluded based on the absence of all three functional 
outcome scores between two and three years from the index procedure. Only metal-on 
highly crosslinked polyethylene articulations were included in our analysis. Metal-on-
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metal and ceramic articulations (60 hips, 2.1%) were excluded. Further exclusions (366 
hips, 13%) were based on any revision procedures, prior osteotomies, developmental hip 
dysplasia, inflammatory arthritis and the use of cemented acetabular components or 
modular neck-stem implants. 
Radiographic analysis was performed by two authors (PG and AL) using prospectively 
collected radiographs between two and three years from the date of the procedure. 
Absolute position, i.e. anteversion and inclination angles were measured on 
anteroposterior (AP) and lateral radiographs, respectively using General Electric 
CentricityTM Picture Archiving and communications system (PACS). The concordance 
correlation coefficient was calculated to be greater than 0.9 between the two authors. 
Tiberi et al. showed that routine radiographs could be used to determine anteversion 
angle using the ischiolateral method as accurately as an edge detection software [30]. 
Their technique was, therefore, used by both authors to collect anteversion angles. 
Inclination angle was measured between the face of the acetabular component and the 
horizontal axis drawn by connecting the ischial tuberosities [17, 31, 32]. 
The relative position of the acetabular component was also measured using the same 
radiographs. Anterior overhang was measured on the lateral radiograph by the angle 
between two lines drawn from the center of the femoral head confining the exposed cup 
past the bony pelvis (Figure 3-1). A similar novel technique was used on the AP 
radiograph to measure the lateral overhang of the acetabular component (Figure 3-2). The 
overhang was then calculated by converting the measured angle into arc length using the 
following equation: 
S = θ / 360 * 2 π * (cup outer diameter / 2) θ = measured angle, S = Arc length in mm (i.e. Overhang of the cup) 
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Figure 3-1: Measurement of Lateral Overhang.  An anteroposterior radiograph of the pelvis demonstrating the measurement of lateral overhang.   
 
Figure 3-2: Measurement of Anterior Overhang.  A lateral radiograph demonstrating anterior overhang measurement. 
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The acetabular implants used in our study included ReflectionTM (Smith and Nephew, 
Memphis, TN), Duraloc® (Depuy, Warsaw, IN), R3TM (Smith and Nephew, Memphis, 
TN), Pinnacle® (Depuy, Warsaw, IN) and Trident® (Stryker®, Kalamazoo, MI).  
Statistical analysis was performed using SPSS® statistics version 20 (IBM®, NY). Paired 
t-test was used to calculate significance between pre-operative and post-operative 
functional outcomes scores. Spearman correlation was used to correlate functional 
outcomes with absolute and relative position of the acetabular component. Independent 
samples t-tests were carried out to determine differences between functional outcomes of 
patients with lateral or anterior overhang compared to those who did not. Independent 
samples t-test was used to ascertain differences in outcome scores between patients who 
had their cup positioned within the Lewinnek’s “safe zone” and those who did not. A p-
value of less than 0.05 was considered to be significant.  
3.3 Results 
The study population included 1,241 hips with 502 males (40.5%) and 739 females 
(59.5%). Mean BMI was 29.53 ± 6.18 kg/m2. A total of 580 hips (46.7%) were left-sided 
and 661 (53.3%) were right-sided. The mean absolute position of the population included 
21.7 ± 11.9 degrees of anteversion and 44.4 ± 6.9 degrees of inclination angle. The range 
of anteversion in our cohort was between -19.1 to 58.5 degrees. The range of inclination 
angle was 20.0 to 69.5 degrees. The relative position of the cup with respect to the pelvis 
demonstrated mean lateral overhang of 2.50 ± 3.39 millimeters and mean anterior 
overhang of 1.93 ± 3.56 millimeters. A total of 532 hips (42.9%) were within the 
Lewinnek’s “safe zone” (Figure 3-3). 
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Figure 3-3: Cups within the Lewinnek’s “safe zone”.  Graphic representation of absolute position of the acetabular component in all patients (n=1241). Data within the rectangle represents those within the Lewinnek’s “safe zone” (42.9%). 
A direct comparison of pre-operative and post-operative scores in Table 3-1 demonstrates 
significant improvement in HHS pain, HHS function, HHS total score, and SF-12 scores 
(p<0.001). There is significant improvement in pain, stiffness, physical function based on 
the WOMAC scores found in our cohort (p<0.001).  
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Table 3-1: Functional Outcome scores showing comparison of mean pre-operative functional scores and post-operative outcome scores.  Pre-operative Post-operative p-value SF-12 Mental Score 51.30 ±11.16 54.15 ± 9.14 <0.001 SF-12 Physical Score 29.02 ± 7.27 40.63 ±11.19 <0.001 HHS pain 18.82 ± 6.88 41.66 ± 5.26 <0.001 HHS function 22.84 ± 8.06 39.78 ±7.66 <0.001 HHS Total Score 46.69 ± 13.34 90.20 ± 10.96 <0.001 WOMAC pain 44.52 ± 17.24 83.19 ± 20.25 <0.001 WOMAC stiffness 41.65 ± 18.41 77.17 ± 21.32 <0.001 WOMAC physical function 40.13 ± 17.61 78.95 ± 19.99 <0.001 WOMAC total 41.34 ± 16.58 80.19 ± 18.68 <0.001 
The absolute position of the cup showed a very weak yet positive correlation in Table 3-2 
between cup anteversion and HHS pain (p=0.01), HHS function (p=0.001), HHS total 
score (p=0.001), WOMAC pain (p=0.02), WOMAC physical function (p=0.01) and 
WOMAC total (p=0.02). SF-12 scores, WOMAC stiffness did not reach significance 
when correlated with anteversion.  
Table 3-2: Correlation between functional outcome scores and anteversion.  Spearman Rho p-value SF-12 Mental Score 0.04 0.22 SF-12 Physical Score 0.05 0.12 HHS pain 0.09 0.01* HHS function 0.10 0.001* HHS Total Score 0.11 0.001* WOMAC pain 0.07 0.02* WOMAC stiffness 0.04 0.18 WOMAC physical function 0.08 0.01* WOMAC total 0.07 0.02* 
The absolute position of the cup did not show a significant correlation between 
inclination angle and any functional outcome scores as shown in Table 3-3.  
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Table 3-3: Correlation between functional outcome scores and inclination angle.  Spearman Rho p-value SF-12 Mental Score 0.02 0.52 SF-12 Physical Score 0.01 0.80 HHS pain 0.01 0.73 HHS function -0.06 0.08 HHS Total Score -0.04 0.20 WOMAC pain -0.03 0.32 WOMAC stiffness -0.02 0.41 WOMAC physical function -0.03 0.36 WOMAC total -0.03 0.28 
The relative position of the acetabular component showed weak but negative correlation 
with anterior overhang of the cup and all functional outcomes shown in Table 3-4. There 
was a positive but weak correlation between lateral overhang of the acetabular 
component and HHS pain highlighted in Table 3-5 (rho = 0.08, p=0.01). The remaining 
functional outcome scores and their subscales did not reach significance when they were 
correlated with lateral overhang.  
Table 3-4: Correlation between functional outcome scores and anterior overhang.  Spearman Rho p-value SF-12 Mental Score -0.07 0.01* SF-12 Physical Score -0.10 <0.001* HHS pain -0.10 0.002* HHS function -0.12 <0.001* HHS Total Score -0.12 <0.001* WOMAC pain -0.13 <0.001* WOMAC stiffness -0.10 <0.001* WOMAC physical function -0.14 <0.001* WOMAC total -0.14 <0.001* 
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Table 3-5: Correlation between functional outcome scores and lateral overhang.  Spearman Rho p-value SF-12 Mental Score -0.01 0.74 SF-12 Physical Score -0.01 0.75 HHS pain 0.08 0.01* HHS function 0.01 0.83 HHS Total Score -0.02 0.64 WOMAC pain 0.03 0.59 WOMAC stiffness -0.01 0.81 WOMAC physical function -0.03 0.30 WOMAC total 0.02 0.58 
Functional outcome scores between patients who had lateral uncoverage of the cup past 
the bony pelvis compared to patients who had full lateral bony coverage demonstrated 
significant differences in only HHS pain with absolute difference of less than 1 point 
favoring those with no lateral overhang (p=0.02, Table 3-6). SF-12 scores, WOMAC 
scores, HHS function and HHS total scores did not show significant differences between 
the two groups.   
Table 3-6: Comparison of mean functional outcome scores between patients who have lateral overhang and patients who have no lateral overhang.  No Lateral Overhang Lateral Overhang p-value SF-12 Mental Score 54.17 ± 9.40 54.07 ± 8.97 0.84 SF-12 Physical Score 40.48 ± 11.03 40.58 ± 11.39 0.87 HHS pain 41.97 ± 5.04 41.20 ± 5.69 0.02* HHS function 39.71 ± 7.64 39.78 ± 7.76 0.89 HHS Total Score 90.56 ± 10.07 89.61 ±11.58 0.17 WOMAC pain 83.03 ± 20.10 83.31 ± 20.41 0.81 WOMAC stiffness 77.27 ± 21.36 76.21 ± 22.02 0.40 WOMAC physical function 78.38 ± 20.19 79.18 ± 20.11 0.50 WOMAC total 80.06 ± 18.55 80.27 ± 18.95 0.85 
A significant difference was seen in all functional outcome scores when patients with 
anterior overhang were compared with patients with no anterior overhang of the 
acetabular component (Table 3-7). The absolute differences were also very small ranging 
between 1 to 5 points with WOMAC, HHS and SF-12 scores favoring those without 
anterior overhang. 
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Table 3-7: Comparison of mean functional outcome scores between patients who have anterior overhang and patients who have no anterior overhang.  No Anterior Overhang  Anterior Overhang p-value SF-12 Mental Score 54.66 ± 8.83 52.95 ± 9.87 0.003* SF-12 Physical Score 41.22 ± 11.43 39.00 ± 10.50 0.001* HHS pain 41.94 ± 4.85 40.87 ± 6.28 0.002* HHS function 40.21 ± 7.51 38.71 ± 7.99 0.004* HHS Total Score 90.77 ± 10.54 88.65 ± 11.23 0.004* WOMAC pain 84.65 ± 19.78 79.95 ± 20.84 <0.001* WOMAC stiffness 78.29 ± 21.15 73.51 ± 22.43 <0.001* WOMAC physical function 80.35 ± 19.91 75.29 ± 20.26 <0.001* WOMAC total 81.67 ± 18.27 76.89 ± 19.29 <0.001* 
There was no difference in function between patients who had their acetabular 
component within the Lewinnek’s “safe zone” when compared to patients who had the 
cup beyond the “safe zone” as shown in Table 3-8.   
Table 3-8: Comparison of mean functional outcome scores between patients who had the cup within the Lewinnek’s “safe zone” and outside the Lewinnek’s “safe zone”.  Outside Lewinnek’s Zone Inside Lewinnek’s Zone p - value SF-12 Mental Score 53.99 ± 9.51 54.30 ± 8.79 0.57 SF-12 Physical Score 40.59 ± 11.26 40.44 ± 11.11 0.82 HHS pain 41.54 ± 5.52 41.70 ± 5.14 0.64 HHS function 39.73 ± 7.83 39.76 ± 7.52 0.95 HHS Total Score 90.19 ± 10.96 90.03 ± 10.61 0.82 WOMAC pain 83.19 ± 20.11 83.13 ± 20.41 0.96 WOMAC stiffness 76.61 ± 22.03 77.01 ± 21.19 0.76 WOMAC physical function 78.73 ± 20.15 78.78 ± 20.16 0.96 WOMAC total 80.13 ± 18.77 80.19 ± 18.68 0.96 
3.4 Discussion 
Outcome measurements are important to clinical research as they allow us to evaluate the 
effectiveness of our interventions [33]. Their use in improving quality of care cannot be 
understated as functional outcome measures allow us to judge outcomes from a patient 
perspective [34]. Generic outcome measures such as SF-12, provide insight into patients’ 
general health status including physical symptoms, function, and emotional dimensions 
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of health. They may not, however, be sensitive in their ability to detect small but 
important changes [34]. Disease-specific instruments such as WOMAC and HHS allow 
focused and comprehensive assessment of treatment effects [34]. This study analyzes all 
three outcome scores to allow a more extensive assessment of the effect of cup 
positioning in total hip arthroplasty.  
It is important to note the importance of responsiveness of these outcome scoring 
methods [33]. Quintana et al. have shown that the minimal clinically important difference 
(MCID) for WOMAC is between 25.91 and 29.26 points for patients with primary total 
hip arthroplasty [35]. Although the MCID is not clearly defined in literature for SF-12 
and HHS specifically for primary total hip arthroplasty, MCID for SF-12 has been shown 
to be between 4.5 and 12 for total knee arthroplasty [36] and MCID for HHS to be 
between 2.28 to 17.86 for revision total hip arthroplasty [37]. Based on these estimates of 
MCID of the outcome measures used in our study, the values attained between the two 
groups in this study are not clinically significant.  
The effect of absolute and relative position of the acetabular component in total hip 
replacements on functional outcomes has not been studied in literature. The ideal position 
of the acetabular component is still debated in literature. The “ideal” position classically 
discussed in the literature are based only on rates of dislocation. Recent literature 
discusses the importance of component position focusing on tribology to define best 
position for the cup [38, 39].  Literature has not examined patient satisfaction as a 
primary outcome.  
Within the ranges of anteversion and inclination angles observed in our cohort, we did 
not find strong correlations between the absolute position of the cup and patient 
satisfaction or functional outcomes scores. This study also shows that the Lewinnek’s 
“safe zone” does not have any direct effect on patient outcome scores (Table 3-8). Within 
the range of cup positions studied, patient satisfaction was not significantly affected. 
Nevertheless, precision in cup position remains important for tribology and hip stability.  
Anterior groin pain has been described in literature and has been linked to iliopsoas 
impingement. The rate of iliopsoas impingement has been quoted to be as high as 4.3% 
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[26]. Furthermore, more than 12mm of exposed cup past the bony aspects of the pelvis 
has been described to be the most common reason for iliopsoas impingement [24-26]. 
The current study found no clinically meaningful correlation between anterior overhang 
of the cup with any functional outcome measure, even though statistical significance was 
observed. This study also highlights a statistically significant difference in functional 
outcomes between patients who have exposed cup past the bony pelvis compared to those 
who did not have any exposed cup.  
Unlike anterior hip pain, lateral hip pain has not been linked strictly to cup position in our 
review of the literature. Lateral sided hip pain after total hip arthroplasty has been 
attributed many causes including infection, osteolysis, trochanteric insufficiency and soft 
tissue insufficiency [27]. Much like anterior pain arising from exposed cup past the bony 
pelvis, it can expected that exposed cup laterally may also be a reason for lateral hip pain 
affecting patient outcome scores. The current study, however, does not show a correlation 
between exposed cup laterally and functional outcome scores. Patients with exposed cup 
laterally did not have any clinically meaningful differences in functional outcome scores 
compared to those patients who did not have any lateral overhang of the cup.  
The inherent limitations in the responsiveness of the functional outcomes scores used in 
this study may affect the results of our study. The ceiling effect and responsiveness of 
these outcome measures may hinder the ability to measure effects of variation in absolute 
and relative position of the cup. Other limitations of the study include variations in THA 
position (affecting offset, leg length, and femoral anteversion), variation in head sizes, 
inaccuracies with radiographic measurements and the exclusion of patients who had 
revision procedures. However, this study examined patient reported satisfaction and 
outcomes on a large number of patients after a primary THA as dependent only on cup 
position.  
Variation in the absolute and relative positions of the acetabular component within the 
studied ranges affects the patient reported satisfaction or function of a total hip 
arthroplasty, but the difference is not clinically significant. While specific intraoperative 
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targets for cup position may be important for tribology and hip stability, there may be no 
change in patient outcomes with defining such zones.   
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Chapter 4 
4 Effect of Acetabular Position on Polyethylene Liner Wear using a Novel Radiostereometric Analysis Technique 
 
4.1 Introduction 
Acetabular malpositioning has been associated with increased impingement [1-5], 
dislocation rates [6-10], edge loading [11], and liner fracture [3]. Moreover, inaccurate 
placement of the cup has been associated with increased polyethylene wear in some 
studies. A number of in vivo studies have shown increased inclination angle correlated 
with accelerated wear due to edge loading [12-17]. However, other studies have failed to 
show the same relationship [18-20]. In all cases, studies have only examined 
conventional polyethylene. The influence of cup position on polyethylene wear has been 
shown to be less important in highly crosslinked polyethylene in vitro [21, 22]. Simulator 
studies and finite element analysis have not shown greater wear rates with increased 
inclination angle even though higher contact stresses were noted using highly crosslinked 
polyethylene [22, 23]. These in vitro studies, however, have only examined this 
relationship using simulators with up to five million cycles. Due to the resistant wear 
properties of highly crosslinked polyethylene, more cycles are likely required to produce 
enough wear to establish a meaningful correlation between cup position and wear. To 
date, there have been no long term in vivo studies examining the correlation between cup 
position and polyethylene wear within highly crosslinked polyethylene. Abandoning the 
use of conventional polyethylene liners requires that this correlation between cup position 
and wear be re-examined with highly crosslinked polyethylene. Since cup position is 
under the direct control of the surgeon, this association may be of tremendous importance 
for long term survival of the implant.  
The discrepancy noted among studies previously examining the relationship between cup 
position and polyethylene wear may be explained by the techniques used to determine 
polyethylene wear. Traditionally, plain post-operative radiographs at regular intervals 
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were used to measure polyethylene wear manually using the Livermore method [24]. The 
Dorr and Wan technique [25] and software packages were subsequently introduced to 
measure wear on digitized radiographs, including Martell’s “Hip Analysis Suite” [26] and 
Devane’s “PolyWare” [27, 28]. While these measurements have been shown to be 
reliable for conventional polyethylene liners, their utility may be limited with crosslinked 
polyethylene liners which have improved wear characteristics [29]. A more accurate 
method for wear measurement in all types of polyethylene is radiostereometric analysis 
(RSA), which is considered to be the gold standard for in vivo polyethylene wear 
measurement [30]. RSA utilizes simultaneously acquired biplanar radiographs within a 
calibrated environment to achieve an accuracy of approximately 55 μm for measurements 
of three-dimensional wear [31]. 
One of the fundamental tenets of radiography is to obtain orthogonal views for complete 
radiographic assessment of any joint. Further views of a joint are frequently acquired as 
needed based on the clinical requirements. Current RSA techniques, however, require 
specific positioning of the patient constrained by the reference cage design while 
obtaining simultaneous oblique radiographs of the joint. Furthermore, RSA setup requires 
that the calibration cage to be imaged together with the patient. A complete clinical 
assessment of the joint is, therefore, not possible with RSA radiographs as orthogonal 
views are not feasible with traditional techniques. An ideal RSA technique would allow 
wear measurement from any two views of a joint, while unlinking the reference cage 
from the patient completely. By unlinking the reference cage from the patient, we are 
able to use clinical radiographs for RSA measurements. This will allow complete clinical 
assessment of the joint, while providing accurate measurements of wear for every patient. 
This study uses a novel technique which obtains simultaneous orthogonal views of the 
hip that can be used for both clinical purposes and to measure wear using RSA. This 
technique has been previously been validated and has been shown to be as accurate as 
traditional RSA setup (Personal Communication, Dr. M. Teeter). 
The objective of this paper is to discern the relationship between acetabular position and 
polyethylene wear using a modified RSA setup with orthogonal views of the hip. Despite 
the widespread use of highly crosslinked polyethylene, there is insufficient clinical data 
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in literature elucidating the correlation between acetabular cup position and polyethylene 
wear in highly crosslinked polyethylene. Therefore, this study examines this relationship 
in highly crosslinked polyethylene in patients with long term follow-up. Although the 
Lewinnek’s “safe zone” may be important for reducing dislocation rates [6], we wish to 
study the effect of positioning the acetabular component on polyethylene wear when 
placed within this zone. 
4.2 Methods 
Ethics approval was obtained from the institutional research ethics board. The 
institutional arthroplasty database was used to identify patients who had a metal-on-
polyethylene total hip arthroplasty performed at least 10 years ago. A total of 229 patients 
were identified using the database. All patients had an initial diagnosis of primary 
osteoarthritis.  
Inclusion criteria included any highly crosslinked polyethylene metal-on-polyethylene 
primary total hip arthroplasty with Reflection® (Smith & Nephew Inc, Memphis, TN) 
acetabular component. Those who were ambulatory with an ability to climb 2-3 stairs 
were included. In order to optimize the quality of the radiographs required for this study, 
only patients with a BMI less than 40 were included. 
Patients who underwent revision THA, had conventional polyethylene liners and those 
with cognitive impairments affecting their ability to follow instructions were excluded. 
Seven patients were excluded as they had conventional polyethylene and 2 patients had 
revision surgery. Two patients had cognitive deficit affecting their ability to participate in 
the study. Eighty-three patients had deceased at the time of follow-up for the study and 
were excluded. Fourteen patients denied consenting for the study. After making all 
attempts to identify deceased patients by reviewing obituaries in the area, we had 24 
patients who were lost to follow-up for other reasons. Eighteen patients were not mobile 
enough to attend the clinic visit. Three patients had inadequate x-rays during the early 
phases of development of the technique. 
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A total of 43 hips were included for analysis of this study. Average follow-up was 12.3 ± 
1.2 years. Further demographic data is shown in Table 4-1. The SynergyTM (Smith and 
Nephew, Memphis, TN) uncemented femoral stem was used in forty patients while one 
hip had the cemented version of the SynergyTM stem. The SpectronTM EF (Smith and 
Nephew, Memphis, TN) femoral stem was used in two hips.  
Table 4-1: Demographics of the patient population Total number of hips 43 Average Age at time of follow-up (years) 76.51 ± 7.59 Average BMI (kg/m2) 27.90 ± 4.87 Sex Male Female 
 18 (41.9%) 25 (58.1%) Side Left Right 
 24 (55.8%) 19 (44.2%) 
Patients were contacted by telephone to attend a clinic appointment. Informed consent 
was obtained for the study. Western Ontario and McMaster Universities Arthritis Index 
(WOMAC), Harris Hip Score (HHS), Short Form-12 (SF-12) and University of 
California Los Angeles activity scores (UCLA) were collected at the time of the 
appointment.  
A modified RSA examination setup was utilized (Figure 4-1), recreating standard 
anteroposterior (AP) and cross-table lateral exams in a single biplane RSA acquisition. 
The setup for the AP radiograph involved the x-ray source to be placed directly above the 
hip centered on the anterior superior iliac spine, with an x-ray cassette located beneath 
the patient within the table. For the lateral radiograph, the x-ray source was placed on the 
contralateral side of the affected hip, centered over the groin and parallel to the table. The 
x-ray cassette was positioned beside the patients’ affected hip, 45 degrees to the 
longitudinal axis of the body, in line with the x-ray source. The patient’s contralateral leg 
was flexed at the hip and knee away from the x-ray exposure in a standard fashion to 
obtain the cross-table lateral view. Both views were acquired simultaneously. The patient 
was then removed from the table and an acquisition of a biplanar RSA calibration cage 
(UmRSA® Calibration CagesTM, RSA Biomedical, Umeå, Sweden) was taken, without 
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moving the x-ray source or detector locations. Tantalum beads embedded in the periphery 
of the cassette holders were used to link the patient images to the calibration cage images, 
in order to calibrate the x-ray setup and enable accurate measurements to be performed 
[32-35]. Three dimensional head penetration (accounting for polyethylene wear and 
creep) was measured using the center index method within RSA software (UmRSA 
Digital Measure® v2.2.1, RSA Biomedical, Umeå, Sweden) [36]. Average wear per year 
was calculated by dividing the total head penetration by the number of years that the 
prosthesis had been implanted. 
 
Figure 4-1: RSA setup with setup to acquire AP and lateral radiographs.  
RSA radiographs were used to measure anteversion and inclination angle. Inclination 
angle was calculated using a reference line through the ischial tuberosities and a line 
along the face of the acetabular cup [6, 37, 38]. Anteversion was calculated using the 
ischiolateral method as described by Tiberi et al [39, 40].  
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A post-hoc power analysis revealed that a sample size of 40 hips would be enough to 
shown a moderate level of correlation (r >0.42) using the Spearman rank correlation with 
a 5% significance level and power of 80%.  
Statistical analysis was performed using SPSS® statistics version 20 (IBM®, NY). 
Inclination angle, anteversion showed non-normal distribution according to the Shapiro-
Wilk test. Polyethylene wear rate, however, was normally distributed. Spearman 
correlation was, therefore, used to show association between the parameters of acetabular 
position (i.e. inclination angle and anteversion) and wear rate. Spearman correlation was 
used to determine the relationship between patient reported functional outcomes and 
wear. The t-test was used to compare wear rates between genders and to compare the 
wear rates between hips within the Lewinnek’s “safe zone” [6] and those outside this 
zone. A p-value of 0.05 was considered significant. 
4.3 Results 
The average linear wear rate was calculated to be 0.066 ± 0.066 mm/year. The average 
total polyethylene wear was 0.840 ± 0.944 mm. The acetabular components had an 
average inclination of 44.1 ± 7.0 degrees. Average anteversion was 15.6 ± 11.1 degrees. 
Figure 4-2 graphically depicts the position of all cups included in the analysis.  
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Figure 4-2: Graphic representation of the position of acetabular components.  Data highlighted within the black box indicates the cups within the Lewinnek’s “safe zone” (n=32).  
The average polyethylene wear rate for hips within the Lewinnek’s “safe zone” was 
0.072 ± 0.075 mm/year. The average wear rate for hips outside this zone was 0.048 ± 
0.022 mm/year. There was no significant difference between the polyethylene wear rate 
between the two groups (p=0.11).  
Inclination angle was not correlated with polyethylene wear rate (p =0.82, Spearman rho 
= 0.04). Anteversion was also not correlated with polyethylene wear rate (p=0.11, 
Spearman rho = -0.25). Figure 4-3 and Figure 4-4 graphically demonstrate the position of 
the acetabular component with wear rate.  
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 Figure 4-3: Graphic representation of the acetabular anteversion and wear rate.  
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 Figure 4-4: Graphic representation of the acetabular inclination angle and wear rate.  
Males had a higher wear rate of 0.094 ± 0.089 mm/year compared to females with a wear 
rate of 0.046 ± 0.032 mm/year (p = 0.045). There was a significant correlation between 
height and polyethylene wear rate (spearman rho = 0.38, p = 0.01). There was no 
significant correlation between weight and polyethylene wear rate (spearman rho = 0.30, 
p = 0.054). Both weight and height were highly correlated with gender as males had 
greater weight and height (p<0.001).  There was no correlation between wear rate and the 
total implanted time of the prosthesis (p = 0.10). 
Pre-operative and post-operative patient reported functional outcomes are summarized in 
Table 4-2. There was no significant correlation between polyethylene wear rate and 
functional outcome scores including WOMAC, SF-12, UCLA and HHS function score 
(p>0.07). There was a weak inverse correlation between HHS pain score and 
polyethylene wear rate (Spearman rho = -0.34, p = 0.047). 
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Table 4-2: Mean pre-operative and post-operative patient reported functional outcome data. 
Functional Outcome Score Pre-operative Scores Post-operative Scores SF-12 Mental Component Score Physical Component Score 
 54.46 ± 12.81 28.14 ± 7.88 
 56.76 ± 8.85 43.43 ± 9.66 WOMAC Pain Stiffness Function Total 
 42.56 ± 18.53 39.10 ± 24.02 37.75 ± 18.66 40.05 ± 17.78 
  89.72 ± 20.35 84.72 ± 22.40 83.33 ± 21.39 86.33 ± 20.14 HHS Pain Function Total 
 17.14 ± 7.42 22.33 ± 8.80 43.53 ± 13.79 
 42.94 ± 1.79 38.79 ± 7.89 90.33 ± 8.08 UCLA Not collected 5.61 ± 2.21 
4.4 Discussion 
The current study is the first to use routine hip views to measure polyethylene wear using 
a novel RSA technique. The current method of measuring wear through RSA technique 
requires oblique views of the hip largely dictated by the design of the reference cage. 
Unfortunately, the clinical usefulness of these views is limited. This study has shown that 
routine radiographic views of the hip can be used to measure polyethylene wear, avoiding 
additional radiation to the patient if polyethylene wear is to be measured accurately using 
RSA. Furthermore, the AP and lateral radiographs are taken simultaneously, which 
eliminates the changes in pelvic position between the two radiographs.  
Moreover, this study is the first to show that no correlation exists between highly 
crosslinked polyethylene and cup position using accurate RSA techniques. Although, 
other studies have examined this relationship in vitro, we have demonstrated this in vivo 
with long-term follow-up. The current study did not show a general correlation between 
polyethylene wear and inclination angle of the acetabular component. Korduba et al. 
performed an in vitro study controlling for various factors affecting wear in highly 
crosslinked polyethylene including cup migration, creep and anteversion [23].  They 
considered cup anteversion in tandem with inclination of the cup and found that increased 
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cup inclination did not correlate with increased wear, which is in agreement with the 
finding in the current study. 
A number of reports in literature have shown that increased inclination angle is 
associated with increased polyethylene wear [12-17]. These reports, however, have only 
analyzed conventional polyethylene that has poor wear properties [41]. With the advent 
of newer highly crosslinked polyethylene and improved tribology, the correlation 
between increased inclination angle and increased wear may not be the same. This is 
confirmed by our study as there was no correlation between inclination angle and 
polyethylene wear with the use of highly crosslinked polyethylene. With respect to 
anteversion, Patil et al. have shown that increased anteversion angles have reduced peak 
contact stresses using finite element analysis [12]. In the current study, anteversion was 
not correlated with wear. This finding is in agreement with other reports in literature [20].  
Wear has previously been correlated with use but not time [42]. This study also did not 
find a correlation between wear rate and the total implanted time of the prosthesis. 
Intuitively, one would expect more polyethylene wear in patients with increased level of 
activity. Increased polyethylene wear has previously been correlated with increased 
function as determined by the use of step activity monitors [43].The current study, 
however, did not show an association between patient reported functional outcomes and 
polyethylene wear. This finding is in accord with previous studies that have examined 
conventional polyethylene [43, 44]. It is likely that these scores are not sensitive enough 
to predict wear.  The lack of correlation seen in this study may be further explained by 
the improved wear properties of the highly crosslinked polyethylene.  
Male gender was associated with more polyethylene wear in our study. Males had two 
times higher wear rate compared to females. This may be explained by the increased 
height of the male population in our study as increased height also correlated with 
increased wear in this study. Furthermore, Schmalzried et al. have suggested the disparity 
seen between genders and polyethylene wear rates may be attributable to differences in 
behavior, types of activities, anatomy, physiology or a combination of these factors [42]. 
Height has been shown to be a risk factor for polyethylene wear in previous studies but 
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showed an inverse relationship unlike the current study [14]. This discrepancy is likely 
related to unaccounted confounding variables.  
This study has limitations. Since the measurements of head penetration included both 
wear and creep, the yearly wear rates included in this study may be higher than the true 
steady state wear rate. CT is considered the gold standard for measuring cup position, but 
would result in significantly higher patient radiation dose [39]. We utilized the 
ischiolateral method, which is as accurate as the most common cup measurement method 
- edge detection [39]. Although only 43 patients were included in this study, there was 
sufficient power to show at least a moderate correlation if such a relationship existed.  
This study has successfully demonstrated that routine views of the hip can be used to 
measure polyethylene wear using RSA. The historical correlation shown between 
increased inclination angle and increased polyethylene wear in conventional polyethylene 
was not seen in the current study, which examined highly crosslinked polyethylene. 
Furthermore, there was no association seen between the anteversion angle and highly 
crosslinked polyethylene wear. These findings may be explained by improved wear 
properties of highly crosslinked polyethylene. Despite the average follow-up in our study 
being 12 years, even longer-term follow-up is recommended to corroborate these findings 
between acetabular position and highly crosslinked polyethylene wear due to the 
projected longevity of the material.   
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Chapter 5 
5 Discussion 
 
Acetabular positioning is critical to the success of a total hip arthroplasty. Cup 
malpositioning affects dislocation rates [1-5], edge loading [6], liner fracture [7], and can 
cause component impingement affecting range of motion [7-11]. Since cup position is 
under the control of the surgeon, it is important to study the effect of cup position to 
reduce such complications.  
Many factors influence the surgeon’s ability to accurately position the acetabular 
component including BMI, surgeon volume, surgeon experience and even surgical 
approach [12]. The modified Hardinge approach is the most common surgical approach 
used at our centre. Chapter 2 examined the accuracy of positioning the acetabular 
component using the modified Hardinge approach as it has not been elucidated in 
literature despite its popularity. We studied a large cohort of patients, which is 
comparable to previous studies that have examined the accuracy of other approaches used 
to perform THA [13, 14]. We found that the intended combined anteversion and 
inclination is only achieved in 43.6% of the cases using the modified Hardinge approach. 
This is comparable to the accuracy of other surgical approaches available to arthroplasty 
surgeons and may highlight the need for additional surgical tools to assist in cup 
positioning. Lastly, surgeons should be particularly mindful of acetabular position when 
operating on patients with a lower BMI as it was identified as a risk factor for cup 
malpositioning.  
Even if surgeons had the ability to precisely position the acetabular component, they are 
faced with yet another dilemma, as the ideal position for the acetabular position is 
currently unknown. A number of attempts have been made in literature to define this 
position. Lewinnek et al. originally described a “safe zone” to reduce dislocation rates 
[1]. Other studies have since attempted to re-define an ideal acetabular position [3, 13, 
15-18]. Unfortunately, technical perfection in accurately positioning the acetabular 
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component may be not necessarily translate into improved patient functional outcomes. 
We have examined the effect of various cup positions on patient reported functional 
outcomes using a large cohort. Chapter 3 has shown that the absolute cup position 
correlates weakly with some functional outcome scores. The relative position of the cup 
with respect to the bony pelvis also does not exhibit a strong effect on the functional 
outcome scores. Although the studied ranges of absolute and relative positions of the 
acetabular component affected the patient reported functional scores, the results are not 
clinically significant. This suggests that the surgeon may have more freedom to position 
the acetabular component in a wider range as long as the hip stability is maintained.  
The arthroplasty literature does not clearly define the relationship between cup position 
and polyethylene wear. There has been conflicting data on inclination angle and its effect 
on polyethylene wear [19-27]. These studies have only studied conventional polyethylene 
in vivo. Despite highly crosslinked polyethylene being the more commonly used soft 
bearing choice, the relationship between cup position and polyethylene wear in highly 
crosslinked polyethylene has not been examined in vivo. Chapter 4 has shown that cup 
position does not affect wear rates even with long term follow-up of patients with highly 
crosslinked polyethylene. Of the patient demographics assessed, only male gender was 
associated with higher polyethylene wear rates compared to females. We recommend 
confirming these findings between acetabular position and highly crosslinked 
polyethylene wear rates with even longer term follow-up studies due to the anticipated 
longevity of the newer polyethylene material.  
Lewinnek’s “safe zone” is still the most commonly cited position for the acetabular 
component in literature. Although the Lewinnek’s “safe zone” has been shown to be 
important for dislocation rates [1], we found that this “safe zone” has no effect on patient 
reported functional outcomes. Furthermore, this “safe zone” is not correlated with 
polyethylene wear in highly crosslinked polyethylene. The importance of this zone, 
therefore, may be limited to reducing dislocation of the prosthesis. Surgeons, therefore, 
may have fewer constraints on the final position of the acetabular component with respect 
to both functional outcomes and polyethylene wear.  
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We have shown that functional scores used in our studies did not correlate with 
polyethylene wear and cup position. However, the sensitivity of these outcome scores 
may be the limiting factor in establishing a correlation with various parameters of THA 
as the ceiling effect of these scores may constrain clinical correlations of this study. 
Therefore, functional outcome measurements with improved resolution may be of great 
importance for clinical research in the future.  
5.1 Future Directions 
Pelvic orientation (specifically flexion and extension of the pelvis) can adversely affect 
the tribology of the THA as the vector for biomechanical loading is dependent on pelvic 
position. Mechanical guides fail to account for the change in pelvic orientation or patient 
anatomy when the patient is in a functional position [12]. Lumbar lordosis is lost 
intraoperatively with the lateral decubitus position that is most commonly used for THA 
[3]. Furthermore, pelvic flexion has been shown to be variable with supine, standing and 
sitting positions [12]. Therefore, a cup appropriately placed based on bony landmarks 
intraoperatively may not be in the same position in a functional standing position, which 
is critical for balancing hip biomechanics and forces across the hip joint. Therefore, a 
comparison of cup position in supine position with cup position in a functional standing 
position may show significant differences. 
In a standing position, the femoral head is loaded with forces in excess of three times the 
body weight. Therefore, it can be assumed that the femoral head is maximally displaced 
and engaged into the acetabular component. In a supine position, however, relatively 
weaker forces from soft tissue tensioning and capsule may be inadequate to maintain the 
femoral head in the same position affecting polyethylene wear measurements [28]. 
Contrary to this reasoning, studies have showed no differences in wear in standing and 
supine radiographs [28-30]. These studies, however, have examined hips with short-term 
follow-up, in low-wear cohort or used techniques with low resolution for measuring 
wear. In contrast, a study showed positional differences in wear measurements with hips 
known to have radiographic polyethylene wear [31]. Hence, with the use of RSA 
technology, these positional differences with respect to polyethylene wear in patients 
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with long-term follow-up can be studied with great accuracy in THA with highly 
crosslinked polyethylene.  
Overall, acetabular position may be important for dislocation rates. The effect of 
acetabular position on patient outcomes and polyethylene wear, however, is not as 
influential. Surgeons, therefore, may have more flexibility in positioning the acetabular 
component than previously believed. As current surgical approaches are only moderately 
accurate in acetabular positioning, the errors made during cup placement may not be 
devastating to the patients so long as the prosthetic hip remains stable.  
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Appendix C: Letter of Information and Consent Form 
Appendix C: Letter of Information and Consent Form 
 
Effects of acetabular component position on polyethylene wear in metal-on-
polyethylene total hip arthroplasty in a functional position. 
 
Study Doctors               Study Coordinator  
 Primary Investigator                                 
Dr. Brent Lanting     Mrs. Abby Korczak  
 
Co-Investigators 
Dr. James Howard    
Dr. Matthew Teeter  
Resident 
Dr. Prateek Goyal  
Dear Patient:   
You are being invited to voluntarily participate in a research study designed to study the 
amount of wear in total hip replacement.  This letter of information describes the research 
study and your role as the participant.  Please read this form carefully.  Do not hesitate to 
ask anything about the information provided. Your doctor or nurse will describe the study 
and answer your questions. 
Study Purpose 
Although total hip replacements have been extremely successful, their survivorship has 
been limited by problems related to wear of the plastic liners that are used in the cup 
portion of the hip replacement. We would like to study if positioning the cup in different 
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positions has an effect on liner wear. We are also studying whether wear on the liner can 
be better detected using x-rays that have been taken in a standing or a lying position. 
 
Procedure 
If you decide to participate in this study you will be required to schedule a follow-up visit 
with your orthopaedic surgeon.  The standard of care for routine follow-up visits requires 
that patients have two x-rays taken of their hip prior to their visit with their surgeon.  
Participants in this study will not have these x-rays taken.  Instead, you will meet a 
member of the study team in the lobby of the orthopaedic outpatient clinic prior to your 
visit with your surgeon.  This individual will escort you to the Robarts Research Center, a 
short five minute walk from the orthopedic outpatient clinic.  A wheelchair will be 
provided for you if needed.  Here your hip will be x-rayed using a special type of x-ray 
called radiostereometric analysis (RSA).  This x-ray will help us to determine how much 
wear is on the plastic liner of your hip replacement.  RSA x-rays will be taken of your hip 
while you are in a standing and lying position. These RSA x-rays will be assessed by 
your surgeon in the same manner your standard x-rays are examined. . These one-time 
RSA x-rays will take approximately 15 minutes to complete.  After the RSA x-ray is 
complete, you will be escorted back to the orthopaedic outpatient clinic and your visit 
will continue as per standard of care.  Prior to seeing your surgeon, we will ask you to fill 
out three surveys that include questions that will help us to determine how well your hip 
replacement is functioning.  These questions are standard of care for all joint replacement 
patients regardless of study participation. 
 
Inclusion and Exclusion Study Criteria 
Study participants will be eligible to participate in the study if: 
1. They have a reflection cup and a cross-linked or conventional type of plastic 
liner; 
2. It has been at least 10 years since they had their surgery completed. 
 
Individuals will not be eligible to participate in this study if: 
1.  The head component of their hip replacement is made of ceramic or oxinium; 
79 
 
  
2.  They have had revision survery; 
3.  They are unable to walk or fully dependent on a wheelchair for mobility; 
4. Have a body mass index greater than 40; 
5. Are pregnant; 
6. It has been less than 10 years since their surgery was completed. 
 
Potential Study Risks 
There is always a slight chance of cancer from excessive exposure to radiation. Special 
care is taken during x-ray examinations to use the lowest radiation dose possible while 
producing the best images for evaluation. 
 
The scientific unit of measurement for radiation dose is the millisevert (mSv). People are 
exposed to radiation from natural sources all the time. The average person receives an 
effective dose of about 3-5 mSv per year from naturally occurring radioactive materials 
and cosmic radiation from outer space. 
The two RSA examinations of the hip in this study will expose the patient to 0.300 mSv 
of ionizing radiation, or 10% of the background radiation we are all exposed to yearly 
(which is 3-5 mSv). In comparison, the standard follow-up x-rays that are being replaced 
by these RSA examinations would have exposed the patient to 0.280 mSv of ionizing 
radiation, or 9% of yearly background radiation. 
 
In the event of a study related injury, care will be provided to you at no cost.  
 
Potential Benefits Associated with this Study 
You may or may not benefit directly from participation in this study.  Potential benefits 
of joining this study may include the ability for the surgeon to make a more accurate 
assessment of implant performance.  The outcomes of this study may help increase the 
understanding of the impact of liner manufacturing process on hip replacement liner wear 
and patient outcome scores.  This in turn, in the future, could help modify or enhance the 
care and treatment of other patients with osteoarthritis in the hip.   
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There is no guarantee of benefit by participating in this study. 
 
Voluntary Participation 
Participation in the study is voluntary.  You may refuse to participate, refuse to answer 
any questions or withdraw from the study at any time with no effect on your future care.  
Any new information obtained during the course of the research that may affect your 
willingness to continue participation in the study will be provided to you.  You do not 
waive any legal right by signing the consent form. 
 
Alternatives to Study Participation 
If you choose not to participate, you will continue to be followed by your surgeon as per 
standard of care for all orthopaedic joint replacement patients.     
 
Compensation 
No compensation will be given for study participation. 
 
Confidentiality 
You will not be identified personally in any publication or communication resulting from 
this study.  All information collected will be stored in a locked office and entered into a 
secure hospital computer on a server accessible by authorized individuals only.  This 
information will be used solely for this research study. The data collected from the RSA 
x-ray will be processed at the Robarts Research Institute, a secure research facility.  This 
data will be stored on password-protected computer, and will be made anonymous by 
coding it with a numeric identifier.  Only research staff working on this project will have 
access to this data. Information collected for this study will be kept for a period of five 
years.  Health information collected as part of this study will be kept confidential unless 
release is required by law.   You have the right to request the withdrawal of your 
information at any time.  A copy of this letter will be given to you.  Representatives of 
the University of Western Ontario Health Sciences Research Ethics Board may require 
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access to your study-related records or follow-up with you to monitor the conduct of this 
research. 
 
Questions 
If you have any questions about your rights as a research participant or the conduct of the 
study you may contact Dr. David Hill, Scientific Director, c/o Lawson Health Research 
Institute. 
 
If you have any questions about this study or your care please contact Dr. Brent Lanting, 
primary study investigator and orthopaedic surgeon at London Health Sciences Centre-
University Hospital, or Abby Korczak, study coordinator.   
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Consent Form 
 
Agreement of Participant 
I have read the letter of information, have had the nature of the study explained to me, 
and I agree to participate.  All questions have been answered to my satisfaction. 
 
 
Print Participant’s full name 
 
 
Participant’s signature    
 
 
 
 
Name of person obtaining consent 
 
 
Signature of person obtaining consent    
 
I would like to be contacted again in the future for possible participation in another research study.   
Yes 
No  
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